The electric dipole-forbidden, quadrupole 6S 1/2 ↔ 5D 3/2 transition in Ba + near 2051 nm, with a natural linewidth of 13 mHz, is attractive for potential observation of parity non-conservation, and also as a clock transition for a barium ion optical frequency standard. This transition also offers a direct means of populating the metastable 5D 3/2 state to measure the nuclear magnetic octupole moment in the odd barium isotopes. Light from a diode-pumped, solid state Tm,Ho:YLF laser operating at 2051 nm is used to coherently drive this transition between resolved Zeeman levels in a single trapped 138 Ba + ion. The frequency of the laser is stabilized to a high finesse Fabry Perot cavity at 1025 nm after being frequency doubled. Rabi oscillations on this transition indicate a laser-ion coherence time of 3 ms, most likely limited by ambient magnetic field fluctuations.
I. INTRODUCTION
The 5D 3/2 level in a barium ion has a lifetime of approximately 80 seconds [1] , corresponding to a 13 mHz linewidth for the electric quadrupole 6S 1/2 ↔ 5D 3/2 transition. This transition is an important component of a number of proposed experiments. First, it provides an efficient means of populating and detecting 5D 3/2 sublevels for precision RF spectroscopy of the hyperfine splittings in the 5D 3/2 manifold in 137 Ba + (I=3/2), which combined with a similar measurement of the 5D 5/2 hyperfine splittings will yield the value of the nuclear magnetic octupole moment for this isotope [2] . This measurement could provide insight into the unexpectedly large measured value of the nuclear magnetic octupole moment of 133 Cs [3] . Second, the 6S 1/2 ↔ 5D 3/2 transition in 137 Ba + can be used as a reference for an optical frequency standard. In 137 Ba + the quadrupole Stark shift due to electric field gradients is equal to zero for both the F=0 and F=2 hyperfine levels 5D 3/2 , making 137 Ba + an interesting candidate as an ion frequency standard [4] . This shift had been a concern for the clock transition in 199 Hg + [5] , but was later measured and eliminated at the 10 −18 level [6] . Finally, this work is an important step towards a measurement of parity non-conservation in a single trapped barium ion [7] .
Driving the 6S 1/2 to 5D 3/2 electric quadrupole transition in Ba + with high fidelity is a necessary step in each of these experiments. We demonstrate the ability to coherently excite a 138 Ba + ion from the ground state to resolved 5D 3/2 Zeeman sublevels using a frequency stabilized 2051 nm Tm,Ho:YLF laser. * hoffman2@u.washington. 
II. APPARATUS
To load ions into the trapping apparatus, barium atoms emitted from an oven are singly ionized by a two photon, isotope-selective process [8] . First, an external cavity diode laser (ECDL) at 791 nm drives the weak inter-combination transition, 6s
2 ↔ 6s6p (J = 1), which has isotope shifts on the order of 1 GHz between the 137 and 138 isotopes of neutral barium [9] . From this excited state, a pulse from a nitrogen laser at 337 nm excites the electron into the continuum. Since 137 Ba + represents just 11% of a natural barium sample, this isotope-selective process allows for faster loading times for 137 Ba + , which will be important for future work.
After photoionization, a single Ba + ion is then confined by a linear Paul trap in a similar design to the one found in Ref. [10] , driven with a radio frequency (RF) of 22.9 MHz. A pair of Helmholtz coils generate a stable, but adjustable magnetic field of up to 5 Gauss, which provides a quantization axis for the ion. Components of the Earth's magnetic field that are perpendicular to the laboratory field are cancelled by two secondary coils.
The energy level diagram along with the relevant transitions for 138 Ba + is shown in Fig. 1 . The ion is cooled to the Doppler limit T∼ 1mK by addressing the 6S 1/2 ↔ 6P 1/2 transition at 493 nm with a frequency doubled ECDL at 986 nm. Since this state can decay into the long lived 5D 3/2 state, the ion must be repumped using a second ECDL at 650 nm. Both of these beams are linearly polarized for Doppler cooling. To reduce long term frequency drifts, each laser is frequency stabilized to a Zerodur-spaced optical cavity that is sealed from the atmosphere in a vacuum chamber. Light sent to each of these cavities is frequency shifted using a double passed acousto-optic modulator (AOM) to allow for a tunable offset from the cavity modes. The ion can be optically pumped into either of the 6S 1/2 , m J = ±1/2 states by switching from a primary 493 nm beam to a second, circularly-polarized beam which is aligned parallel to the quantization axis.
Ion fluorescence from the cooling cycle is collected by a The ion can be 'shelved' using 455 nm light, via the 6P 3/2 state, where it will remain in the metastable 5D 5/2 state until a pulse of 614 nm light returns it to the cooling cycle. The electric quadrupole transition at 2051 nm that is of interest for proposed experiments is driven by a frequency stabilized laser, and detected by means of shelving and deshelving as described in the text. micro-objective lens, then passed through an interference filter centered at 488 nm with a transmission bandwidth of 10 nm to pass photons emitted from the 6S 1/2 ↔ 6P 1/2 transition, and block stray room light as well as scattered 650 nm photons. These 493 nm photons are detected by a photo-multiplier tube (PMT) and imaged by an electron multiplying charged-coupled device (EMCCD) camera. 2051 nm light is generated by a Tm,Ho:YLF diodepumped solid-state laser manufactured by CLR Photonics (now part of Lockheed Martin) with maximum output power of 40 mW. Changing the temperature of the resonator coarsely tunes the center wavelength of the laser. Fine tuning of the laser frequency is achieved by adjusting the voltage applied to a piezo-electric actuator mounted on the output coupling mirror of the laser cavity, with a small-signal bandwidth of approximately 10 kHz. This light must be frequency stabilized to a reference cavity, as detailed below, to coherently drive the narrow 6S 1/2 ↔ 5D 3/2 electric quadrupole transition. Before interacting with the ion, the 2051 nm beam passes through an AOM driven at 55 MHz (labeled 'Shutter AOM' in Figure 2 ), which acts as a fast shutter. The 2051 nm beam is linearly polarized and can be aligned parallel or perpendicular to the magnetic field so that ∆m J = ±1, ±2 transitions are allowed [11] . The ∆m J = 0 transitions, which are preferred in an optical frequency standard, are not driven by light parallel or perpendicular to the magnetic field, but are maximized with light at 45 degrees to the magnetic field.
Performing quantum jump laser spectroscopy [12] on the 6S 1/2 ↔ 5D 3/2 transition is complicated by the fact that the 2051 nm transition does not remove the ion from the cooling cycle. It is therefore necessary to have some other means of 'shelving' the ion. A pulse from a 1W light emitting diode (LED) with a center wavelength of 455 nm and a spectral half-width of 20 nm excites an ion in the 6S 1/2 level to the 6P 3/2 level as shown in Figure 1 . An ion in the 6P 3/2 level will spontaneously decay back to the 6S 1/2 level with a probability of 75.6%, to the 5D 5/2 level with a probability of 21.5%, and to the 5D 3/2 level with a probability of 2.9% [13] . A 300 ms pulse of 455 nm light effectively eliminates the possibility of the ion remaining in the 6S 1/2 level. An ion in the 5D 5/2 level does not interact with the 493 nm and 650 nm lasers during the cooling cycle and the ion fluorescence signal at 493 nm goes to zero. The ion can be returned to the cooling cycle by applying a 400 ms of 614 nm light that is also generated by a 1W LED with a 617 nm center wavelength, and 18 nm spectral half-width. [19] 
III. TM,HO:YLF LASER FREQUENCY STABILIZATION
The narrow linewidth of the 6S 1/2 ↔ 5D 3/2 transition requires that the frequency of the 2051 nm laser be well stabilized. While reference cavities designed for use at visible and near-infrared wavelengths routinely have finesses greater than F ∼ 10 5 , at the time our system was built, state-of-the-art high reflective coatings at 2051 nm would be limited to F ∼ 20, 000. Additionally, commercial options for electro-optic modulators (EOMs), necessary for a Pound-Drever-Hall (PDH) lock, and broadband AOMs, necessary for a wide tuning range, are not readily available at this wavelength. For these reasons we opted to stabilize the second-harmonic of our laser with a high finesse cavity at 1025 nm.
A. Second Harmonic Generation of 2051 nm Light
Implementing a robust Pound-Drever Hall lock [14] to a 1025 nm reference cavity requires that we generate at least 100 µW of 1025 nm light so that we can comfortably accommodate power losses from a double passed, frequency shifting AOM. Second harmonic generation (SHG) of light is achieved using a bulk periodically poled lithium niobate (PPLN) crystal that is 4 cm long and has nine parallel tracks with different poling periods. We used a track with a poling period of 30.25 µm and maintained the crystal temperature at 108
• C for quasiphase matching. In single-pass configuration, however, the light generated from the PPLN nm was insufficient for a stable PDH lock.
1025 nm SHG efficiency is increased substantially by placing the temperature controlled PPLN crystal inside YLF laser passes through an AOM and is frequency doubled with a PPLN crystal in a 'bow-tie' cavity. The 1025 nm light is then frequency shifted by a doublepassed AOM, and stabilized to a high finesse reference cavity using the PDH method [14] . An EOM driven by a 20 MHz source is used to generate the sidebands necessary for frequency stabilization. After passing through a low-pass (LP) filter, high bandwidth proportional feedback (P) is sent to the feedback AOM, while low bandwidth integral feedback (I) is amplified and sent to the tuning piezo inside the laser head.
a 'bow-tie' enhancement cavity (Fig. 2) consisting of two flat mirrors and two curved mirrors each with a radius of curvature of 250 mm. The curved mirrors are separated by 325 mm and the PPLN crystal is placed at the midpoint where the beam comes to a 150 µm waist. The relatively long mirror separation ensures that the beam is not clipped by the 0.5 mm square poling channels. The crystal is anti-reflection (AR) coated for 2051 nm, as well as 1025 nm, and is been polished with a 1 degree wedge to prevent the crystal from acting as an intracavity etalon. The length of the enhancement cavity is locked to the wavelength of the 2051 nm laser by sending an error signal derived using the Hansch-Couillaud method [15] to a piezo-electric actuator mounted on one of the flat cavity mirrors. Our coupling efficiency into the TEM00 mode of the enhancement cavity is approximately 75%. We estimate the cavity build up of 2051 nm light to be approximately 20. Sending the full 40 mW output of the Tm,Ho:YLF laser to the enhancement cavity we were able to generate 2.5 mW of 1025 nm light. When the 55 MHz AOM (labeled 'Feedback AOM') in Figure 2 , necessary for high bandwidth feedback for the PDH lock to the high finesse cavity, is included in the 2051 nm beam path, approximately 20 mW is sent to the enhancement cavity and we are able to generate approximately 500 µW of 1025 nm light. This power is sufficient for a stable PDH lock of the laser at 2051 nm.
B. PDH Stabilization with Two-Channel Feedback
After the enhancement cavity, the 1025 nm beam makes a double pass through a frequency shifting AOM with a center frequency of 200 MHz. This AOM allows for a continuous tuning range of approximately 80 MHz at 1025 nm (equivalent to 40 MHz of tuning at the original 2051 nm wavelength). The beam then passes through a resonant EOM to generate Pound-Drever-Hall sidebands at 20 MHz [14] and then through a series of mode matching lenses before coupling into the reference cavity.
Our reference cavity consists of two mirrors held 77.5 mm apart by a spacer made from ultra-low expansion (ULE) glass according to a vibration insensitive design developed at JILA [16] , resulting in a free spectral range of 1.9 GHz. The mirrors are coated for high reflectivity at the 1025 nm wavelength. The input mirror is flat and the output mirror has a radius of curvature of 500 mm. Cavity ring-down measurements [17] indicate the cavity finesse to be greater than 300,000. The cavity is mounted vertically inside a vacuum chamber and maintained at a pressure of less than 10 −8 Torr with an ion pump. The vacuum chamber is enclosed inside a temperature stabilized aluminum box surrounded by insulation to further reduce cavity length variations due to temperature fluctuations.
Light reflected from the cavity is separated from the incident beam using a quarter waveplate and a polarizing beam splitter. The intensity of the rejected beam is detected with an amplified photodetector. The PDH error signal is extracted from the photodetector output using a double balanced mixer, a variable phase shifter, and a 1.9 MHz low-pass filter.
Frequency stabilization of the Tm,Ho:YLF laser is achieved by sending the error signal into high bandwidth and low bandwidth feedback channels. The low bandwidth channel consists of an analog integrator circuit (labeled "I" in Fig. 2 ) followed by a high-voltage amplification stage driving the tuning piezo inside the laser head. The bandwidth of this channel is approximately 10 kHz. Higher bandwidth feedback is necessary to maintain a robust lock to the ∼7 kHz wide TEM00 mode of the ULE cavity. To accomplish this, the error signal in the high bandwidth channel (labeled "P" in Fig. 2 ) is sent through an analog amplification stage that provides variable proportional gain, and then to the control input of the voltage controlled oscillator (VCO) driving the feedback AOM shown in Fig. 2 . Both the VCO and the AOM have 2 MHz modulation bandwidths.
IV. 2051 NM SPECTROSCOPY PROCEDURE
The ion is optically pumped into the 6S 1/2 , m J = +1/2 state with circularly polarized, 493 nm light. The 493 nm and 650 nm lasers are then shuttered and the ion is exposed to a pulse of 2051 nm light. The duration of the pulse is optimized to provide the maximum population transfer to the 5D 3/2 level (i.e. a Rabi π-pulse). In order to reduce dephasing due to magnetic field fluctuations, the 2051 nm light pulse is triggered by the rising slope of the 60 Hz AC power line. We then apply a 300 ms pulse of 455 nm light. If the 2051 nm transition occurred, then the ion is in the 5D 3/2 level and the 455 nm light will have no effect. If the 2051 nm transition did not occur, then the ion remains in the 6S 1/2 level and the 455 nm light will 'shelve' the ion into the 5D 5/2 state, which has a natural lifetime of approximately 32 seconds [13] . The 493 nm and 650 nm lasers are then turned back on and we record whether the ion fluoresces. A failed 'shelving' attempt indicates a successful 2051 nm transition.
With appropriate polarization and beam alignment we can drive ∆m = ±1, ±2 transitions. To identify these transitions between Zeeman levels, we record the frequency offset from the TEM00 mode of the ULE reference cavity for each line for different magnetic field strengths created by the Helmholtz coils. The sensitivity to a known change of the magnitude of the magnetic field can be used to identify the transitions. Driving ∆m = ±2 transitions will be used to populate the sublevels needed to perform the proposed measurement of the nuclear magnetic octupole moment [2] .
V. OBSERVATION OF 2051 NM TRANSITIONS
With the 2051 nm beam aligned parallel to the magnetic field, we identified and tuned the 2051 nm laser to the center of the ∆m= +1 transition. We then varied the duration of the 2051 nm laser pulse while recording whether the ion is 'shelved'. An optical pumping efficiency of approximately 95% combined with imperfect 'shelving' events limits the extrema of the shelving efficiency to a maximum of approximately 80% and a minimum of 5%. Fitting a decaying sinusoid to the data indicates a Rabi frequency of 2.0 kHz and a decay time constant for the coherence envelope of 3.2 ms, as shown in Fig. 3 . The experimental setup used in this work does not employ magnetic shielding, so the decoherence observed here is most likely caused by short-term fluctuations in the ambient magnetic field, which have been independently observed in measurements of the 6S 1/2 Zeeman splitting.
Using an attenuated 2051 nm laser beam and a pulse duration of 1 ms we observed the spectrum shown in Fig. 4 . Fitting a sinc function lineshape to this peak, we find that the linewidth is Fourier transform limited by the 1 ms pulse to approximately 700 Hz.
With the 2051 nm beam aligned perpendicular to the magnetic field three transitions from the 6S 1/2 , m = +1/2 state can be driven. The probability of detecting a 'shelved' ion is plotted against the time for which the ion is exposed to the 2051 nm laser. The Rabi frequency is calculated using a least-squares fit of an exponentially decaying sinusoid to be 2 kHz with a decay time of 3.2 ms. The decoherence time is consistent with drifts in ambient magnetic fields. , m = +1/2 ↔ 5D 3/2 , m = +3/2 transition. The probability of finding the ion in the 'shelved' state is plotted against a relative frequency shift to the high finesse optical cavity's TEM00 mode. The FWHM of this spectrum is calculated to be 700 Hz at 2051 nm, with 75% shelving efficiency, and 95% optical pumping efficiency. A least-squares fit of a squared sinc function is overlaid, and was used to calculate these parameters. the ∆m = +1 transition. Additionally, using the measured Landé g-factors [18] , we can estimate the laboratory magnetic field to be 4.69 Gauss. The linewidths of these spectra are Fourier transform limited by Rabi π pulses of 80, 100, and 275 µs, respectively, which correspond to the maximum Rabi frequencies observed with this configuration.
VI. CONCLUSIONS
Using a diode-pumped solid state Tm,Ho:YLF laser at 2051 nm, we have coherently driven the 6S 1/2 ↔ 5D 3/2 transition in a single trapped 138 Ba + ion. We are able to address Zeeman levels of the 5D 3/2 manifold individually and have identified several transitions between Zeeman Observation of the three accessible 6S 1/2 ,m=+1/2 ↔ 5D 3/2 transitions using the 2051 nm laser. The final Zeeman levels of the 5D 3/2 manifold are, from left to right, m = −3/2, −1/2, +3/2. The m=+1/2 state cannot be addressed from this initial state with our laser alignment. The probably of finding the ion 'shelved' after applying a Rabi π pulse is plotted against a relative frequency shift to the TEM00 mode frequency of the high finesse optical cavity. A normalized sinc function (solid red line) is overlaid using the known 2051 nm laser pulse duration, as well as the overall shelving efficiency.
states. A laser-ion coherence time of 3 ms has been observed in Rabi oscillations on one transition, which is most likely limited by ambient magnetic field noise and can be increased by adding magnetic shielding. Having observed ∆m = 2 transitions, we can proceed with the measurement of the nuclear magnetic octupole moment of 137 Ba + .
